The patterns and dynamics of evolution in acutely infecting viruses within individual hosts are largely unknown. To this end, we investigated the intrahost variation of canine influenza virus (CIV) during the course of experimental infections in naïve and partially immune dogs and in naturally infected dogs. Tracing sequence diversity in the gene encoding domain 1 of the hemagglutinin (HA1) protein over the time course of infection provided information on the patterns and processes of intrahost viral evolution and revealed some of the effects of partial host immunity. Viral populations sampled on any given day were generally characterized by mean pairwise genetic diversities between 0.1 and 0.2% and by mutational spectra that changed considerably on different days. Some observed mutations may have affected antigenicity or host range, including reversions of CIV host-associated mutations. Patterns of sequence diversity differed between naïve and vaccinated dogs, with some presumably antigenic mutations transiently reaching high frequency in the latter. CIV populations are therefore characterized by the rapid generation and clearance of genetic diversity. Potentially advantageous mutations arise readily during the course of single infections and may give rise to antigenic escape or host range variants.
Cross-species transmissions of novel viral pathogens are commonly associated with the occurrence of major infectious disease epidemics in humans, yet the evolutionary mechanisms associated with cross-species transfers remain elusive. In most cases, multiple mutations contribute to the breaching of host range barriers, but the source of these mutations-whether they are preformed in the original host or arise in the new host-is generally unclear (3, 10, 11) . Therefore, it is critical to determine the nature of evolutionary processes operating over the time scale of single infectious periods (1, 10) .
In general, intrahost viral populations will reflect a balance between the generation of mutational diversity through errorprone replication and the loss of that diversity by genetic drift and positive or negative (purifying) selection. However, the strength and frequency of these processes, as well as their implications for viral emergence, are not well understood. Although there is a large body of work examining the intrahost sequence dynamics during prolonged or persistent viral infections (see, for example, references 4 and 16), far less is known about the evolutionary dynamics during acute infections by viruses such as influenza virus. An informative exception was a recent study on intrahost variation in three different avian influenza viruses which revealed levels of genetic variation of between 1 ϫ 10 Ϫ4 and 8 ϫ 10 Ϫ4 mutations per nucleotide (8). For influenza virus, it is also clear that antibody selection plays an important role in driving the evolution of hemagglutinin (HA) and to a lesser degree the neuraminidase (NA) sequence, particularly in populations where high levels of immunity occur and reinfection is frequent.
Influenza A viruses have their main reservoir in aquatic birds, with some strains infecting and spreading in mammals. Occasionally, influenza viruses transfer to new hosts, either by transfer from aquatic birds to terrestrial birds or mammals, or between mammalian hosts (reviewed, for example, in references 7 and 13). These host-transferred viruses are usually inefficiently transmitted and disappear after causing one infection or a small number of infections. In some cases, however, the novel virus gains the ability to spread efficiently and consequently can cause major epidemics or pandemics in new, immunologically naïve, populations. Canine influenza virus (CIV) is a new virus of dogs derived from A/H3N8 equine influenza virus (EIV). CIV was first recognized as a pathogen of dogs during 2004 when it caused disease in greyhounds in Florida, although serological data suggest an initial transfer to dogs around 2000 (2, 20) . CIV now circulates in several regions of the United States where the host population density is high and where susceptible dogs are replenished frequently (2, 20) . In the HA gene (H3), up to five amino acid changes distinguish the currently sequenced CIV isolates from the EIV ancestors (12) . CIV isolates are antigenically similar to contemporary EIV strains, but some antigenic differences are detected using panels of monoclonal antibodies (12) . Herein we describe, for the first time, the genetic diversity and evolutionary dynamics of the HA1 gene segment (HA1 is the gene encoding domain 1 of hemagglutinin) of CIV within infected naïve, partially immune, and naturally infected dogs.
MATERIALS AND METHODS
Experimental dog infections. The experimental dog infections from which the virus samples were obtained have been reported previously (14) . Seronegative beagles (Marshall Farms, North Rose, NY), approximately 8 weeks old, were placed in group housing prior to challenge inoculation. Some dogs were vaccinated subcutaneously (s.c.) with a commercial equine H3N8 subunit vaccine (FluVac Innovator 4; Fort Dodge), while others received only resuspension buffer (negative control). Revaccination with vaccine or buffer was performed 4 weeks later. Each dog was challenged 3 weeks after the time of the second vaccination with a nebulized sample that contained 1 ϫ 10 6 PFU of an egg-grown influenza A virus A/canine/PA/10915-07 (GenBank accession number GQ280286). Two milliliters of virus-containing allantoic fluid was administered by aerosolization with flowthrough oxygen to each dog for ϳ10 min. Vaccinated animals developed antibody responses after vaccination, and both naïve and vaccinated dogs developed increased antibody titers after challenge (14) . All dogs developed pyrexia (temperatures of Ͼ39.5°C) on day 2 postinoculation (p.i.), and except for dog 6685, all showed at least mild signs of respiratory disease on at least 1 day postinoculation. Two nasal swabs were taken from each dog on each day between days 0 and 10 p.i. and stored at Ϫ80°C until RNA isolation (14) .
Naturally infected dog samples. Nasal swab elutes were collected from dogs naturally infected with CIV while present in animal shelters in the northeastern United States in 2008 and stored at Ϫ80°C.
RNA isolation, RT-PCR analysis, cloning, and sequencing. Viral RNA from swabs or challenge virus was isolated using the QIAamp viral RNA minikit (Qiagen, Valencia, CA), then reverse transcribed, and PCR amplified using a two-step reverse transcription-PCR (RT-PCR) protocol. Copy DNA (cDNA) was generated using Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA) and primer Bm-HA1 (5Ј-TATTCGTCTCAGGGAGCAAAAGCAGGGG-3Ј) (5) . RT was performed at 55°C for 90 min, followed by incubation at 70°C for 10 min. Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA) was used to prepare the second strand using primers Bm-HA1 and EHA1007rw (5Ј-TTGG GGCATTTTCCATATGT-3Ј). This generated a 1,007-nucleotide (nt) fragment covering the first 956 nucleotides of the HA1 open reading frame (ORF) as well as the 43 nucleotides immediately upstream of the HA1 start codon. PCR was performed for 40 cycles (1 cycle consisted of 30 s at 94°C, 1 min at 55°C, and 1 min at 68°C), and then the reaction mixture was incubated at 68°C for 10 min. PCR products purified from agarose gels were cloned into pCR4Blunt-TOPO (Invitrogen) and transformed into Escherichia coli (One Shot TOP10 cells; Invitrogen). Clones were sequenced using M13 forward and M13 (19) reverse primers.
Sequence analysis. Between 11 and 88 HA1 sequences from each dog on each day were aligned and then trimmed to cover amino acids 1 to 301 of the nascent HA1 (EMBL accession numbers FN423504 to FN423665), representing a total of 713,370 nucleotides and 790 ORFs. We also aligned the same HA1 region of 158 equine sequences and the 6 CIV sequences in the Influenza Virus Resource (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html).
The mean pairwise genetic diversity within each sample was calculated from the uncorrected pairwise distance matrix (p-distance) between taxa. Minimum spanning trees were estimated from the sequence data using Prim's algorithm in BioNumerics as described previously (15, 19) . The single likelihood ancestor counting (SLAC) algorithm available in the Datamonkey web interface of the Mutations detected within individual infected animals were further characterized as to their frequency and presence in other samples and were mapped to inferred amino acid sequences of the mature HA1. Mutations at a frequency of Ͼ1 were compared to the EIV and CIV sequences obtained at the epidemiological scale. Mutations that changed the coding sequence were mapped to antigenic sites A to E as reviewed in references 17 and 18.
Nucleotide sequence accession numbers. The egg-grown influenza A virus A/canine/PA/10915-07 sequence was deposited in GenBank and assigned accession number GQ280286, and the HA1 sequences from dogs were deposited in EMBL and assigned accession numbers FN423504 to FN423665.
RESULTS
Experimentally challenged animals were exposed to high titers of virus by aerosol, but we were unable to detect virus on day 1 after inoculation. We were able to monitor the viral populations over 3 days in the experimentally infected naïve dogs, sampling at least 57 individual viral sequences per time point. Infections were short lived, with high viral RNA levels being seen only on days 2 and 3 or 4 after inoculation (14) . Sufficient RNA could be recovered for analysis from vaccinated dogs only on days 2 and 3 p.i., with lower numbers of sequences analyzed for day 3. The two viruses isolated in 2008 from naturally infected dogs in New York city, New York, were most closely related to each other and fell into a separate cluster from the virus used for experimental challenge, which had been collected in Pennsylvania in 2006 (results not shown).
Intrahost sequence variation and dynamics after experimental challenge. The mean estimates of pairwise genetic diversity ranged from 0.00060 to 0.00180 (mean, 0.00110) ( Table   1 ) and were similar for samples from individual days in naïve and vaccinated dogs and in the challenge virus. Overall, we detected weaker purifying selection (d N /d S ratios close to the neutral expectation of 1.0) for both the challenge virus and for most samples from dogs than was seen in the epidemiologicalscale EIV sequences collected from GenBank (Table 1) (Table 1) .
After challenge of naïve dogs, a large proportion of sequences in all samples were identical to the consensus sequence, suggesting that the inoculation did not apply a strong bottleneck on the virus population (Fig. 1) . Most mutationbearing sequences had only a single mutation, while some mutations were sampled more than once ( Fig. 1 and Tables 1  and 2 ). Of 16 nonsynonymous mutations sampled repeatedly in the naïve dogs, five mutations were also detected in the epidemiological-scale EIV sequences, while eight were located at sites that were variable among these sequences but involved different substitutions (Table 2) . Four mutations changing HA residues 83, 118, 218, and 220 were present at a frequency of Ͼ1 in more than one sample (Fig. 1) , and all were located in or near known antigenic sites. The mutations at residues 218 and 220 were detected on day 2 p.i. in all dogs examined and were also present in the challenge virus and reached high frequencies in several samples. Residues 218 and 220 are invariant in the epidemiological-scale EIV sequences, suggesting that changes at these sites reduce viral fitness, at least in horses (Table 2) . Mutations changing residues 83 and 118 were not detected in the challenge virus but were repeatedly observed in samples from the infected dogs on different days ( Fig. 1 and Table 3 ), indicating that these mutations remained in the viral populations. Notably, residue 83 reverts to the codon observed in EIV, and while L118V distinguishes older from more-recent CIV isolates, the V118M mutation represents an additional mutation at the same codon. After challenge of vaccinated dogs, several mutations were detected in the viral populations that were also present in the naïve dogs (Tables 1 and 2 ). In addition, a high proportion of viral sequences in both vaccinated dogs harbored mutations on day 2 postinoculation (Fig. 2 and Table 3 ). For example, 30 of 67 sequences isolated on day 2 p.i. from dog 5981 possessed the R220S mutation, and 30 of 47 sequences from dog 5981 had that mutation on day 3 p.i. This mutation was also present in the challenge virus and the naïve dogs but at a much lower relative frequency. Strikingly, 75% of sequences isolated from vaccinated dog 6685 on day 2 contained an R135I mutation ( Fig. 2 and Table 3 ), but none of the 11 sequences from that same animal on day 3 p.i. contained the mutation. This mutation was not detected in the other animals or in the challenge virus. Interestingly, residue 135 is located in antigenic site A and is highly variable in EIV isolates, encoding five different residues, and is also subject to putative positive selection (d N /d S of Ͼ1) in the epidemiological-scale EIV sequences (results not shown).
Genetic diversity in naturally infected dogs. HA1 sequences from naturally infected dogs showed mean estimates of pairwise genetic diversity similar to those in the experimentally infected animals (Table 1) and with similar population structures, in which most sequences were identical to the consensus sequence, and most variants contained only single mutations (results not shown). Seven variable sites were detected in the sample from dog 38, while 8 variable sites were detected in the sample from dog A1100, two of which (residues 111 and 126) harbored mutations also detected in samples from experimental infections. In dog A1100, one mutation changing residue 126 was present at a frequency of Ͼ1, and single sequences contained a deletion of residue 47 or a stop codon, and a change at codon 135 (K135N) which affected a residue mutated at a high frequency in dog 6685 on day 2 p.i.
Three residues in HA1 (N54K, N83S, and W222L) distinguish all CIVs from related EIV sequences (12) , and reversions of the N83S mutation were detected in several samples from the CIV-infected dogs (Table 2) . However, the N83S mutation never reached high frequency in any sample and was generally not sampled later in the infection, compatible with either a lower fitness or random loss through genetic drift.
DISCUSSION
The emergence of CIV through transfer of EIV from horses to dogs represents an opportunity to study intrahost evolution 1 6685 (day 2)******************************************* ********** Challenge virus******, 8271 (day 2)*******, 7151 (day 2)******, 7151 (day 4)*************************, 5981 (day 2)****, 6685 (day 2)**
Challenge virus**********, 8271 (day 2)****************, 8271 (day 3)****, 8271 (day 4)*********, 7151 (day 2)***********, 7151 (day 3)********, 7151 (day 4)*, 5981 (day 2)******************************, 5981 (day 3)******************************, 6685 (day 2)** in an influenza virus that has recently acquired a new host range and in the face of low levels of vaccine-induced immunity. Mutations arose readily in the infected animals and reached high frequencies in some vaccinated dogs, but they were mostly transient and often were not detected on subsequent days. Hence, CIV populations are highly dynamic and characterized by a rapid turnover of likely deleterious mutations. In contrast to the long-term evolutionary dynamics observed during persistent RNA virus or retrovirus infections, such as HIV, the consensus sequences in naïve animals remained unaltered over the course of infection. Such viral dynamics would be expected, given the short duration of influenza infection and the small number of replication cycles. However, the finding that predicted antigenic mutations came to transiently dominate the viral populations in the vaccinated animals shows that advantageous mutations can be rapidly selected.
The viral population structures detected in the naïve animals Challenge virus******, 8271 (day 2)*******, 7151 (day 2)******, 7151 (day 4)*************************, 5981 (day 2)****, 6685 (day 2)** A660C R220S No No (R) Ag Db Challenge virus**********, 8271 (day 2)****************, 8271 (day 3)****, 8271 (day 4)*********, 7151 (day 2)***********, 7151 (day 3)********, 7151 (day 4)*, 5981 (day 2)******************************, 5981 (day 3)***************************** were largely comparable to those of the challenge virus. However, the lack of detectable virus on day 1 postinoculation indicates that virus recovered at later times had replicated in the dogs and did not represent persisting inoculum, and it also appears that no significant egg adaptation had occurred. In addition, sequences from naturally infected dogs were comparable to those observed in our naïve, experimentally challenged dogs, indicating that the experimental inoculation did not strongly distort the viral population structure. A notable observation from this analysis was the generally weaker purifying selection detected among viruses sampled from a single animal than among viruses taken from different animals, which manifested as reduced d N /d S ratios in the latter. A similar observation has been made for dengue virus (6) and suggests that intrahost viral populations contain transient deleterious mutations, although the rapid turnover of variants detected here suggests that such selection often occurs over the short time periods between different sampling days.
Mutations in some sites appear selectively advantageous, if only transiently. For example, R135I reached high frequency on day 2 p.i. in vaccinated dog 6685, yet that mutation was not detected among the 11 sequences sampled on day 3 p.i. In addition, many mutations that were apparently generated de novo in the dogs map to known antigenic sites, and some affect residues that are under positive selection at the epidemiological scale in EIV. The highest variant frequencies were detected in the vaccinated dogs with prior immunity, while in the naïve animals, most viral sequences remained identical to the challenge virus consensus sequence. While a number of mutations in antigenic sites might be expected to occur by chance (17, 18) , the location of high-frequency mutations at these sites in vaccinated dogs suggests a role of antigenic escape. As escape from host immunity and antigenic drift are a key feature of influenza A virus evolution, at least in humans, this is an area that needs to be explored further.
Finally, an undetermined proportion of the mutations observed here are clearly artifactual and invariably introduced during the experimental procedure used, particularly at the reverse transcription step. However, the fact that we consistently see mutations at frequencies of Ͼ1 within each sample and repeatedly observe mutations at the same sites (Table 1) , even though such mutations have a very low probability of occurring independently at random (P. Murcia et al., submitted for publication), suggests that the major features of the mutational spectra we describe are likely to be correct.
The origin of host-range mutations is a key question in understanding the evolutionary dynamics of viral host switching. Our study suggests that such mutations can readily be produced during infections of individuals and maintained in the virus populations for short time periods. Indeed, one site in HA1 that distinguishes CIV from its ancestor EIV (at residues 83) reverted in some viral sequences, and viral sequences with this mutation were detected repeatedly in the naïve dogs. This residue is variable in EIV sequences, but it has not been seen to revert in other CIV sequences, suggesting that it is associated with a viral fitness cost in dogs. This observation suggests that mutations that facilitate adaptation to a new host species might occur transiently in the donor host despite any associated fitness costs and provide a transient reservoir of preadapted mutations.
Overall, this study highlights the dynamic nature of influenza virus evolution, revealing how readily influenza viruses generate mutations of adaptive significance. Monitoring the spectrum of influenza virus intrahost genetic diversity may therefore provide important information for predicting both virus emergence and antigenic escape.
